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Photomechanical waves (high amplitude pressure tran-
sients generated by lasers) have been shown to permea-
bilize the stratum corneum in vivo and facilitate the
transport of macromolecules into the viable epidermis.
The permeabilization of the stratum corneum is transi-
ent and its barrier function recovers. Sites on the volar
forearm of humans were exposed to photomechanical
waves and biopsies were obtained immediately after
the exposure and processed for electron microscopy.
Electron microscopy showed an expansion of the lacu-
nar spaces within the stratum corneum lipid bilayers
but no changes in the organization of the secreted
lamellar bodies at the stratum corneum^stratum granu-
losum boundary. The combination of photomechanical
waves and sodium lauryl sulfate enhances the e⁄ciency
of transdermal delivery and delays the recovery of the
barrier function of the stratum corneum. Electron mi-
croscopy from sites exposed to photomechanical waves
and sodium lauryl sulfate showed that the lacunar
spaces expanded signi¢cantly more and the secreted la-
mellar bodies also appeared to be altered. In either case,
there were no changes in the papillary dermis. These
observations support the hypothesis that the photome-
chanical waves induce the expansion of the lacunar
spaces within the stratum corneum leading to the for-
mation of transient channels. Key words: drug delivery/
shock waves/transdermal delivery. J Invest Dermatol 121:
104 ^109, 2003
T
ransdermal drug delivery has been the subject of ex-
tensive research during the past two decades. The
main challenge to this mode of delivery is the per-
meability barrier of skin, located in the stratum cor-
neum (SC). Several physical and chemical methods
to surmount the barrier have been devised, with varying degrees
of e¡ectiveness (Menon and Elias, 2001). Physical methods have
the advantage of decreased skin irritant/allergic responses, as well
as no interaction with the drugs being delivered. Some of the
physical techniques under development or investigation include
iontophoresis (Singh and Singh, 1993; Jadoul et al, 1999), electro-
poration (Prausnitz et al, 1993; Jadoul et al, 1999), and phonophor-
esis (Bommannan et al, 1992; Mitragotri et al, 1995a, b). It has been
recently shown that high amplitude pressure transients generated
by lasers photomechanical waves (PW) are e¡ective for transder-
mal delivery (Lee et al, 1998, 1999, 2001a, c, 2002; Gonza' lez et al,
2001; Ogura et al, 2002). Lee et al (1998) have shown that 40 kDa
dextran could be deliveredE400 mm deep into the skin in vivo in
an animal model. Furthermore, PW facilitated transdermal deliv-
ery of insulin in a diabetic rat model in su⁄cient amount to
reduce the concentration of blood glucose (Lee et al, 2001a).
PW, laser-generated shock waves, and laser-generated stress
waves are terms that have been used to describe high amplitude
pressure pulses generated during ablation by high-power lasers
(Doukas and Flotte, 1996; Lee and Doukas, 1999; Doukas and
Lee, 2000). In ablation, the laser radiation produces plasma on
the surface of the target, which moves away from the surface at
supersonic speed (Srinivasan, 1986). A high-pressure pulse (PW) is
generated inside the target by the imparted recoil momentum
(Perri, 1973). The PWpropagates through the target and impinges
on to the skin. The PWgenerated by ablation are unipolar com-
pression waves that do not show a measurable tensile component,
and thus exclude biologic e¡ects induced by cavitation. PW have
also been shown to induce transient permeabilization of the cell
membrane in vitro (Lee et al, 1996; McAuli¡e et al, 1997; Mulhol-
land et al, 1999; Soughayer et al, 2000), as well as facilitate the
delivery of molecules into microbial bio¢lms (Soukos et al, 2000).
The mechanism of the SC permeabilization by PW is not
known. Molecular delivery can occur, however, whether the mo-
lecules are present during the application of the PW or intro-
duced after the PW (Lee et al, 1999, 2001b). Given the short
duration of the PW (E300 ns), this observation suggests that
the action of the PW is probably limited to the permeabilization
of the SC. The molecular transport through the SC is carried out
by di¡usion of the molecules through the channels induced by
the PW.
Presently, we have investigated the ultrastructural changes in
human skin in vivo and ex vivo following PW exposure in order
to elucidate the mechanism of SC permeabilization under these
conditions.
METHODS AND MATERIALS
The research on human subjects followed the tenets of the declaration of
the Helsinki Convention. The protocol was approved by the Massachusetts
General Hospital Subcommittee on Human Studies and informed consent
from the subjects was obtained. This investigation formed part of an
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ongoing study on PW in transdermal delivery. Seven panelists were in-
volved in these studies, and a total of eight biopsies were taken (four each
from two panelists) for electron microscopy. For the ex vivo measurements,
full thickness human skin was obtained from NDRI (Presbyterian Hospi-
tal, Philadelphia, PA) and stored in the freezer until ready to use. The skin
was thawed to room temperature prior to the experiments. It was blotted
dry and set on the bottom of a Petri dish, supported on the bench, and
exposed to PWas was done for the in vivo experiments.
Figure 1(a^c) show the procedure of applying the PWon the volar fore-
arm of a panelist. The schematic of the experimental set-up used is shown
in Fig 1(d). A £exible washer,E1.5 mm thick andE7 mm inside diameter,
was used as the reservoir for the acoustic coupling medium. The washer
was attached to the skin of a panelist with grease (Fig 1a). The grease was
applied only around the edge of the washer as a sealant to prevent the solu-
tion from leaking out. The reservoir was ¢lled with either sterilized water
or an aqueous solution of sodium lauryl sulfate (SLS) 2% w/v (Sigma,
St Louis, Missouri) (Fig 1a). The water or the SLS solution in the reservoir
acted as a coupling medium, which allowed the PW to propagate from
the target to the surface of the skin. In addition, the water or the SLS solu-
tion could di¡use into the SC and modify the SC architecture. The ratio-
nale for using SLS was to investigate the e¡ects of anionic surfactants on
the SC. The combination of SLS and PW has been shown to enhance the
e⁄ciency of transdermal delivery and delay the recovery of the barrier
function of the SC (Lee et al, 2001b).
PW were generated by ablation of a target by a laser pulse from a
Q-switched ruby laser. The ruby laser produced pulses of 23 ns duration
at 694.3 nm and 2 J pulse energy. The laser was operating at 1 Hz repetition
rate. The target was taken from the sides of black polystyrene tissue culture
plates (Dynatech Laboratories, Chantily,Virginia). The target was E1 mm
thick and was placed on top of the washer in contact with the solution
Fig 1(b). An articulated arm was used to deliver the laser on to the target
Fig 1(c). The beam size at the target was E6 mm in diameter to achieve
£uence of E7 J per cm2. The laser pulse was completely absorbed by the
target so that only the PWwere applied on to the skin with no discomfort
or pain to the panelists. Under the experimental conditions, the PW
characteristics were as follows: Peak pressure E500 bar (1 bar¼ 0.987
atmosphere), rise timeE30 ns and durationE300 ns.
Sites on the inner volar forearmwere exposed to a single PWwith water
or SLS solution as the acoustic coupling medium. In addition, one of the
sites was exposed to 10 PWwith water as the coupling medium. The water
or the SLS solution was removed immediately after the application of
the PW, the skin was wiped clean with lab towels (Kimwipes, Kimberly
Clark) and shave biopsies from the subjects were obtained. The same pro-
cedure was followed for the control sites except that no PW was applied.
Experiments were also performed on human cadaver skin ex vivo on full
thickness epidermis. Sites on the cadaver skin were exposed to a single
PW with water acting as the coupling medium. The biopsies as well as
the samples from the cadaver skin were obtained immediately after the ex-
periments and ¢xed in Karnovsky’s ¢xative for 1 h at room temperature
and then overnight at 41C in the same ¢xative for electron microscopy.
The samples then were washed in cacodylate bu¡er and post¢xed either
in 1% OsO4 or 0.5% RuO4 (Madison et al, 1987). Subsequently, the
samples were dehydrated in graded series of ethanol, embedded in a low
viscosity epon-epoxy mixture and sectioned (McNutt and Crain, 1981).
Thin sections were double stained with uranyl acetate and lead citrate and
examined under an electron microscope operating at 80 kV.
RESULTS
Routine electron microscopy did not reveal any noticeable di¡er-
ences between the control sites and PWexposed sites when water
was used as the coupling medium (micrographs not shown). The
nucleated epidermis as well as the dermis maintained their typical
ultrastructural features with no indication of damage either in the
extracellular matrix or the cellular components. Comparison of
the SC exposed to one PW with that exposed to 10 PW with
water as the coupling medium showed expansion of the extracel-
lular areas in the lowermost SC layers (Fig 2a,b). On the other
hand, one PW treatment with SLS as the coupling medium re-
sulted in large-scale dilation in the SC extracellular space even in
the stratum compactum (Fig 2c). The SC^stratum granulosum
boundary showed normal features of the lamellar body’s secretion
indicating an unaltered barrier function.When the SLS solution
was used as the coupling medium, however, the secreted lamellar
bodies’contents appeared to have been disrupted both at the stra-
tum granulosum^SC boundary as well as between the outermost
and the underlying stratum granulosum cells (Fig 3a,b).
Electron microscopy of RuO4 post¢xed samples of control SC
showed the basic extracellular lamellar unit, i.e., the minimal re-
peating unit, comprising of a series of electron-dense and elec-
tron-lucent lamellae (Fig 4). Following exposure to PW, either
one or 10 pulses with water as the coupling medium, the SC
extracellular domains showed many highly expanded near con-
tinuous lacunar domains (Fig 5); however, they were not present
at every level and almost normal bilayers could be seen in the
extracellular spaces of corneocytes that were immediately below.
When SLS was used as the coupling medium, the lacunar do-
mains were much more prominent with clumping of electron-
dense precipitates either lining the expanded lacunar domains
Figure1. The sequence of steps for the application of a PW on the
forearm of a volunteer. (a) A £exible washer was attached to the skin and
¢lled with water or SLS solution. (b) The target material, black polystyr-
ene, was placed on top of the washer in contact with the water or solution.
(c) The articulating arm of the laser was positioned over the target and the
laser ¢red. (d) Schematic of the washer^target contraption. The laser radia-
tion was totally absorbed by the target and produced a single PW.The PW
propagated through the water or solution, which also acted as the acoustic
coupling medium, impinged on the skin, and permeabilized the SC.
EVIDENCE OF SC PERMEABILIZATION INDUCED BY PW 105VOL. 121, NO. 1 JULY 2003
(Fig 6a) or occupying much of the lacunar domains (Fig 6b).
No ultrastructural changes were seen in the morphology of indi-
vidual corneocytes. The dermis showed no structural changes
following PW treatment, whether water or SLS was used as the
coupling medium (micrographs not shown).
When cadaver skin was used, the microscopic features were
inconsistent. The lacunar domains were found to be expanded
in both of the controls as well as the PWexposed samples. Addi-
tionally, in both of the samples, cytosol of the granulocytes
showed some structural disruption, and the secreted lamellar
bodies’ contents at the SC^stratum granulosum interface also
appeared disordered (Fig 7a,b).
DISCUSSION
Previous studies have shown that a single PW can permeabilize
the SC and facilitate the delivery of macromolecules into the epi-
dermis and dermis (Lee et al, 1998, 1999, 2001a, 2002; Gonza¤ lez
et al, 2001; Ogura et al, 2002). For example, 40 kDa dextran was
delivered into the dermis to a depth ofE400 mm in a rat animal
model (Lee et al, 1998). The maximum size that has been presently
delivered through the SC is 100 nm latex microspheres (Lee et al,
2002). The permeabilization of the SC is transient and the barrier
function recovers (Lee et al, 1998, 1999, 2001b).
The application of PW for transdermal delivery has a number
of appealing advantages, such as the substantial penetration
depth as well as the large size of molecules that can be delivered.
PW can be a useful method for delivering proteins and genes.
Furthermore, PW can also permeabilize the cell membrane thus
facilitating drug delivery into the cytoplasm. The PW do not
appear to cause injury to the viable skin and do not cause pain
or discomfort (Lee et al, 1999).
Sites exposed to one and 10 PW with water as the coupling
medium, when post¢xed with RuO4, showed many highly ex-
panded SC extracellular domains near continuous lacunar do-
mains. The lacunae have been de¢ned as electron-luscent areas
embedded within the lipid bilayers spanning the SC extracellular
domains, and considered as the putative pores (Menon and Elias,
1997). The expansion of the lacunar domains could possibly create
Figure 2. Low magni¢cation electron micrographs of the SC and part of the stratum granulosum (SG) following exposure to: (a) one PW
and water as the coupling medium; (b) one PWand sodium lauryl sulfate as the coupling medium; and (c) 10 PW with water as coupling
medium. Arrows show expansion of intercellular spaces of lower SC in the last two, but not in (a) (single pulse, water as coupling medium). KHG,
keratohyaline granules.
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transient pores that enable drug delivery through the SC and into
the epidermal and dermal compartments. These pores were not
present at every level, i.e., between every corneocyte, as normal
bilayers could be seen in the extracellular spaces of corneocytes
that were immediately below. It should be kept in mind, how-
ever, that the lacunae seen in electron micrographs are in essence
cross-sections of the three-dimensional trabecular network that
may form a continuous, permeable lacunar system or a ‘‘pore-
pathway’’. The use of SLS solution as the coupling medium
showed a further expansion of the lacunae domains, resulting in
larger pores. These observations are consistent with previous stu-
dies in which low concentrations of SLS under a patch for 24 h
(Fartasch, 1997) or on skin ex vivo (Hafteck et al, 1998) where lipid
bilayers often showed ¢ssuring and splitting along the horizontal
plane of the corneocyte spaces. Menon et al (1998) found that 1 h
exposure of human skin ex vivo to 10% and 5% SLS solutions
created large-scale phase separations in the SC lipids and created
continuities between lacunar domains. Presently, we used a 2%
SLS solution with a short exposure time (E1 min). The e¡ective
surfactant delivery with PW into the lacunar system, however,
can be expected to delay the repair of the barrier. In fact, experi-
ments with 40 kDa dextran have shown that whereas the recov-
ery of the barrier function of the SC was o2 min when water
was used as the coupling medium, when SLS was used instead,
the recovery of the barrier function of the SC was delayed to
430 min (Lee et al, 2001b).
There are di¡ering views on the e¡ects of anionic surfactants
on SC, such as: (1) selective lipid removal (Proksch et al, 1991), and
(2) disruption of the processing of lamellar bodies derived sheets
but otherwise no e¡ects on the outer SC bilayers (Fartasch, 1997).
These di¡erences may be due to the mode and duration of surfac-
tant application in our study. As the lacunar dilatations imply, de-
livery of SLS into putative pores could result in selective removal
of lipid species in these domains.
Electron microscopy did not reveal any noticeable di¡erences
between the control sites and PW exposed sites when water was
used as the coupling medium. The epidermis and dermis main-
tained their typical structural features with no indication of
damage either in the extracellular matrix or the cellular compo-
nents.When 2% SLS solution was used as the coupling medium,
however, the secreted lamellar bodies appeared to have been dis-
rupted both at the SC^stratum granulosum interface as well as
between the outermost and the underlying stratum granulosum
cells, further pointers to selective lipid extraction. The dermis
showed no structural changes following PW treatment whether
water or SLS solution was used as the coupling medium. In a
previous study (Lee et al, 1999), transmission electron microscopy
of human biopsies taken 24 h following the exposure of a PW
Figure 3. (a) Ultrastructure of epidermis shows no noticeable struc-
tural alterations following a single PW with water as the coupling
medium. (b) When sodium lauryl sulfate solution was used instead of
water, morphologic signs of lipid extraction at SC^stratum granulosum
interface as well as between the two layers of stratum granulosum (arrows).
Figure 4. SC from control site showing normal corneocytes (c),
extracellular lipid lamellae (LA), and desmosomal structures.
Figure 5. High magni¢cation electron micrograph of the SC ex-
posed to a single PW (water as coupling medium) shows expanded
lacunar domains within the intercellular lamellae.
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with water as the coupling medium showed no damage in the
subcellular organelles.
The cadaver skin showed features in the PW treated SC that
did not di¡er from that of control samples. Surprisingly, we have
been unable to permeabilize the SC ex vivo, although the same
PWwould permeabilize the SC in vivo (Lee and Doukas, unpub-
lished observations). In view of these ¢ndings, it could be sur-
mised that the freezing and subsequent thawing of the cadaver
skin resulted in alterations of the physical properties of SC, most
probably brought about by ice crystal damage. Such changes may
modify the responses of a ‘‘smart polymer’’ such as SC to physical
factors relevant in penetration enhancement (Menon and Elias,
2001). It should be pointed out, that low-frequency ultrasound
has been applied successfully to cadaver skin for transdermal de-
livery (Mitragotri et al, 1995a); however, ultrasound may interact
with the SC di¡erently than the PW. Low-frequency ultrasound
works predominantly through cavitation induced by the tensile
component. Confocal micrographs show signi¢cant bleaching of
£uorescein-loaded SC after ultrasound exposure (Mitragotri et al,
1995a). The bleaching was attributed to the oxidation of £uores-
cein by cavitation-generated free radicals. On the other hand, the PW
used in our experiments show no measurable tensile component.
The characteristics of the PW are very di¡erent from those of
ultrasound. The peak pressure of the PW is in the range ofE500
bar, whereas the peak pressure of ultrasound used in transdermal
delivery usually ranges from 0.1 to 5 bar. On the other hand, the
duration of a PW is only a few hundred nanoseconds, whereas
the application of ultrasound can last several minutes. What is
more important is the rate at which this pressure is applied on to
the skin. The rise time of the PW in the present experiments was
E30 ns (30109 s), which produced a rate of pressure increase
of E15109 bar per s, a rate increase of billion of atmospheres
per second. It is reasonable to assume that the application of this
kind of physical forces on to the skin can produce novel e¡ects.
Our hypothesis is that the free water in the lacunar system is in-
compressible in this time scale and is forced through the con-
stricted spaces expanding them, thus forming transient pores.
The observation Fig 2(a,b), that the lacunae deep inside the SC,
where SC is more hydrated, are dilated more than the surface
ones is consistent with this hypothesis.
The electron micrographs indicate that PWcause similar struc-
tural changes in the SC extracellular lipids as has been reported
for high-frequency sonophoresis (Menon et al, 1994), i.e., pore
formation via the lacunar system.The mode of operation of ultra-
sound, however, is probably di¡erent than that of the PW. In the
former, the cavitation generated by the ultrasound modi¢es the
lacunae structure, whereas in the latter, it is the strong mechanical
forces that induce lacunae dilations. The fact that the e¡ect of
PW is di¡erent in ex vivo and in vivo experiments suggests that
cadaver skin may not always be an appropriate model for use in
transdermal delivery experiments.
We propose that the uniqueness of structural organization of
the SC may include diversity of structural responses. As it
evolved, the mammalian SC is designed to function as a barrier
in diverse and specialized environments (low and high humidity,
extremes of temperature, ultraviolet radiation, and other physical
factors), while functioning as a sensory transducer as well. As a
composite biopolymer of proteins and lipids, arranged in a ‘‘brick
and mortar’’organization, the corneocytes provide the sca¡olding
Figure 7. Cadavar skin, whether control (a) or exposed to PW (b)
shows the same ultrastructural alterations in the barrier lipid orga-
nization, i.e., laterally extending lacunae (curved arrows) as well as
disrupted lamellar body derived discs with intervening spaces or
‘‘holes’’ (curved white arrows).
Figure 6. (a) Exposure of the SC to a single PW with water as the
acoustic coupling medium. (b) Exposure of the SC to a single PWwith
sodium lauryl sulfate as the acoustic coupling medium resulted in large-
scale expansions of the lacular domains, which often showed precipitates
or £occulant materials representing the surfactant.
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for the waterproo¢ng lipid bilayers. Physical forces, such as PW,
ultrasound, and electric ¢elds, target the weaker lipid domains
rather than the tough corneocytes protected by the corni¢ed en-
velope and the covalently bound lipid envelope.Within the lipid
domains, it is the hydrophilic regions such as the lacunae that con-
tain water that are susceptible to most physical and chemical
agents used for permeability enhancement.The recent observation
by Ogura et al (2002) that the combination of heating the skin and
PWenhances transdermal delivery is consistent with this view.
Finally, it appears to be a contradiction that the PWused in the
present experiments can induce such extensive changes in the SC
but not damage the viable epidermis and dermis. This is probably
due to the di¡erences in the structures of the SC and the rest of
the viable epidermis. The study of the biologic e¡ects of PWover
the last decade has changed our view of the PW interactions with
cells and tissue. Traditionally, it was thought that the interactions
of the PW with tissue were nonspeci¢c. We have found that
those interactions are speci¢c and depend on the PW parameters,
such as peak pressure, rise time, or duration (Yashima et al, 1991;
Doukas et al, 1993, 1995; Lee et al, 1996, 2001c; Mulholland et al,
1999; Doukas and Lee, 2000). In fact, it is possible to control these
e¡ects and even target speci¢c structures by generating PWwith
the appropriate parameters. Our conjecture is that PW interact
the strongest with structures that spatial dimensions are of the
same magnitude as the spatial length of the PW. For example,
PW of short rise time act on the cell membrane (Mulholland
et al, 1999), whereas PWof long duration act on larger structures,
e.g., the SC (Lee et al, 2001c) and cells (Kodama et al, 2000).
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